In order to experimentally validate an aeroelastic modeling tool, a flapping mechanism has been built to flap a flexible wing structure about a single axis. A comparison of the flexible tip deformation during the flapping stroke is of particular interest. Due to the small size of fully-scaled mechanisms, the "commanded" kinematics may differ substantially from what is observed. A crucial input into any numerical flapping wing model, the temporal derivatives of the flapping kinematics, is then not known with certainty. For the current work, the flap rotation is measured with a non-contact image correlation technique, and a Fourier series fit is used to obtain flapping velocities and accelerations. The resulting match between experimental and numerical tip displacements is satisfactory for a very small range of harmonic number. A recommended strategy for future numerical modeling efforts is to include the entire flapping system (power source, actuation, wings) into the framework in order to improve the validation process, with less dependence upon experimental data to "tune" the computational model's input kinematics.
INTRODUCTION
Thorough experimental validation of numerical modeling tools for use in the design and optimization of flapping wing micro air vehicles is a very important process. Various nonlinear, unsteady, and coupled physics are clearly present at many scales of biological flight, but there is much debate [1] [2] concerning the extent to which these physics would drive the design process for artificial wings, and therefore the requisite level of modeling fidelity is unknown. Very few "rules of thumb" exist for micro flapping wing design, placing a heavy reliance upon numerical tools and the experimental validation of these tools.
This process is problematic from both the analyst's and the experimentalist's point of view. Concerning the former, complex and computationally-expensive physics may be required. For the latter, accurate and nonintrusive measurements of three-dimensional unsteady wing deformation and flow fields, as well as aerodynamic loads (typically ~10 grams) generated by a full scale flapping mechanism operating on the order of 10-100 Hz is extremely difficult. This work is concerned with one particular facet of this challenge, namely, the kinematic actuation of the flapping mechanism.
Research primarily concerned with the fluidic aspects of the flapping wing problem has been conducted on scaled systems, in water tunnels [3] or vats of mineral oil [4] . The kinematic actuation, which may operate at a few Hz, is precisely controlled with large servo motors. Such work, while providing important insights into the flapping physics, is only able to preserve some, but not all, of the relevant parameters via scaling. A flexible flapping wing whose deformation in air is due to both inertial and aerodynamic loading would be difficult to realistically test in a water tunnel, for example. As such, recent studies [5] [6] [7] have dealt with fully-scaled flapping mechanisms, with wing lengths on the order of 1-10 cm, flapping in air.
For a number of reasons, it is difficult to precisely control the kinematic motions for such a system: 1. Mechanism friction, assembly, and tolerance issues become onerous at smaller scales.
2.
Particularly if the mechanism is meant to travel on-board a vehicle (i.e., not solely for bench testing), the moving mechanism parts will be light-weight and flexible, and may struggle to overcome aerodynamic and inertial resistance. The energy budget for the mechanism will be very limited.
Real-time measurement of the flapping kinematics (to provide closed-loop control for a desired kinematic profile) is difficult at such small scales, as the behavior of highly-flexible light-weight wings is easily altered when sensors are attached. The third point is particularly important, even if one is not interested in closed-loop control. If the kinematics are not known to within the required degree of precision (typically, the time-history of three Euler angles), an extremely important input into the numerical model is uncertain, making a direct comparison between experimental and numerical results difficult to interpret.
In order to demonstrate these issues, experimental and numerical results for a simple flapping mechanism connected to a flexible wing are provided. The single degree-of-freedom mechanism (Figure 1 ) consists of a rotary motor that drives a single fly-wheel. This wheel is attached to a pushrod that converts the rotary motion to a linear motion which, through a pivot arm, produces a ±45°f lapping wing motion at a frequency of 13 Hz. Both the mechanism and the wings are constructed from ABS plastic, a material widely used in rapid-prototyping machines.
F Fi ig gu ur re e 1 1: : Single degree-of-freedom flapping mechanism with speckled plastic flexible wings.
The rectangular wings have a chord of 25.4 mm, a length of 76.2 mm, a uniform thickness of 1.27 mm, an elastic modulus of 2.55 GPa, and a density of 1100 kg/m 3 . One of the wings is covered with a random speckle pattern, which enables the use of digital image correlation (DIC): a vision-based, noncontact, high-speed method for tracking the full-field shape and displacement of the flapping wing. Such nonintrusive methods are required so as not to alter the wing dynamics via sensor placement. Though the painted speckle pattern adds some mass and stiffness to the wings, the effect should be very minor in comparison to the baseline properties of the ABS plastic. Thinner and more flexible membrane wings would certainly be affected by this coating however. The basics of DIC for aeroelastic structures can be found in Refs. [7] and [8] ; the current setup provides the x, y, and z position of the reference configuration (still wing at mid-plane), as well as the u, v, and w displacements at 2000 Hz, along 5000 locations throughout the wing surface. It should be noted that DIC does not track speckles, but subsets of speckles: data is then provided at user-specified locations via grey-value interpolation schemes.
The equations of motion for the flexible wing structure, written in a frame located at the root which rotates with the wing (body-attached) is:
where u is the structural deformation vector, M is a damping matrix, C is a structural damping matrix, P is an internal elastic restoring force (a nonlinear function of u, owing to geometric nonlinearities), F aero is the force vector associated with aerodynamic loading, and F iner is the inertial force due solely to the prescribed rigid body kinematics. As described in Ref. [9] , these equations may be solved using nonlinear beam finite elements and implicit time marching. Aerodynamic loads F aero are approximated with a low-fidelity quasi-steady blade element theory [10] . Compared to the physical processes routinely observed in biological flyers, as well as successful artificial micro air vehicles, the interactions that may occur in Figure 1 are exceedingly simplistic. Namely:
1.
For this particular case, the forcing due to F aero is much smaller than F iner [1] . Removing the former from the simulation altogether changes the peak wing deformation by less than 0.5%.
2.
The first natural bending frequency of the wing structure is measured to be 54.3 Hz, well above the actuation flapping frequency (13 Hz) . As such, deformational inertial terms (M · ü + C · u) could be neglected.
3.
Wing deformation measured in the body attached system (shown below) is less than 15% of the wing length. The structural response may then reasonably be considered linear.
4.
Only wing deformation measurement data is desired in Figure 1 via the highly-accurate DIC (displacement resolution ~ 0.5 mm). The aerodynamic lift and thrust, or the concomitant flow field (which are substantially harder to obtain [6] ) are not sought.
5.
The kinematics are time-periodic, reciprocating, and utilize a single Euler angle. Yet, despite these substantial simplifications to the flapping problem, an adequate match between numerical and experimental wing deformation is very difficult to obtain, as discussed below. It should be emphasized that the numerical results provided below do not make these simplifications, but elimination of aerodynamic and inertial loads from the equations of motion would have a very small impact on the solution.
ANALYSIS AND DISCUSSION
Using digital image correlation, the time-dependent flapping angle is measured and plotted in Figure 2 ; this is done by using the DIC motion data to establish a body-attached coordinate system at the root of the wing. The transformation between this system and the fixed inertial frame provides the Euler angle [7] . The data is not symmetric, with more complex behavior at the top of the upstroke, as compared to the bottom of the downstroke, despite the fact that the kinematics as seen in Figure 1 should provide near-symmetric behavior. The reason for this, and similar behavior noted in prior research [6] [7] [11] , is uncertain. In general, candidate sources could include manufacturing imperfections within the gear train, contact and friction effects from the plastic fly wheel or the push rod, gravitational effects, interactions between the wing's inertia/flexibility and the rigid body motions, etc. For the current work, some unsymmetrical behavior is observed during testing run without the wings attached to the mechanism, though the peak discrepancy is less. The source of the issue may be friction within the gear train, and its effects exacerbated during the transfer of kinetic/elastic energy to the wings during flapping. Regardless, the kinematic profile is a key input to the numerical model developed above, and so a Fourier series is fit to the measured flap angle (Figure 2 ). Rapid convergence is seen, but once this data is differentiated (twice) to obtain the angular acceleration (Figure 3) , the data does not converge with harmonic number. This is a substantial and unfortunate uncertainty, as the angular acceleration plays the biggest role in determining the deformation of a flapping system dominated by inertial loads (F iner ). Though not important here, aerodynamic loads (F aero ) are also dependent on accelerations (added mass), and the accuracy of their angular velocity dependence will similarly suffer when the Fourier series is differentiated (once), as seen on the left side of Figure 3 . Choosing the kinematic profile of Figure 3 to input into the flapping model now becomes a matter of trial and error. The Fourier series fit with three harmonics provides a reasonable correlation with the experiment: the deformational wing tip displacement, as measured in the body-attached coordinate system, is compared in Figure 4 . As seen in Figure 5 , simulations with two or four Fourier harmonics greatly under-or over-predict the deformation. It should be noted that the actual deformations are relatively small and linear (~10% of the wing length). The complex kinematic actuation at the top of the upstroke (Figure 2 ) leads to two strong positive deformation peaks during the upstroke. After t/T = 0.25, the wing base begins to move down, but the tip (as measured in the body-attached system) begins to move up; the net result is that the wing tip is nearly stationary, resulting in a dwell region [11] seen in Figure 6 . The kinematics are much simpler through the downstroke, resulting in the expected single negative deformational peak, due to inertial snap [7] .
F Fi ig gu ur re e 4 4: : Deformational out-of-plane wing tip deflection as measured in a body-attached frame, using a three-harmonic Fourier series fit for the simulated kinematics.
F Fi ig gu ur re e 5 5: : Computed wing deformation using two-, three-, and four-harmonic Fourier series fits for the simulated kinematics.
Another option may be to obtain velocities and accelerations by applying temporal finite difference schemes to the measured flap motion. This process will merely magnify the noise seen in Figure 2 however, rendering the higher derivatives useless. Higher-speed cameras than the set used here (2000 Hz) may improve this problem, as could a higher spatial accuracy and clustering of data points via image correlation. Much of the noise seen in the experimental flapping rotation data is due to the fact that the wing displacement data itself is used to obtain the transformation matrix defining the bodyattached coordinate system [7] . In other words, flapping Euler angles are approximated with small finite differences in space, whose inaccuracy when applied to experimental data may be improved with finer pixilation in the image data sets. 
CONCLUSIONS AND RECOMMENDATIONS
It has been demonstrated that, for a very simple flapping wing mechanism, irregularities in the kinematic profile (which may reasonably be attributed to many different sources) greatly complicate the model validation process. A satisfactory match between the measured and the simulated wing tip deflection is obtained only by choosing the Fourier series fit to the kinematic data that provides the best match. As noted above, very similar phenomena have been seen before [6] [7] [11] , and the problem will surely become worse as flapping micro air vehicles become smaller. This would imply mechanisms with more flexibility in their joints, less tolerance and precision in their manufacturing, less of an energy budget to overcome aerodynamic and inertial resistance, etc. These mechanisms, in some cases, will be able to serve their intended purpose (actuate the wings at a sufficient speed and amplitude to provide lift and thrust), but the time history of the kinematic Euler angles, velocities, and (especially) accelerations will be unknown, greatly limiting the usefulness of associated numerical models.
Two potential solutions to the problem of Figure 3 could be utilized. The first, and obvious one, is to outfit the wing with an accelerometer. This data can then be used in conjunction with the measured DIC data in order to choose an adequate kinematic profile. While the wing dynamics of Figure 1 may not be greatly impacted by this added sensor, smaller and lighter wings [5] necessarily constructed from membrane films would be. A more general solution, and a better philosophy for long term research efforts, is to include the entire flapping system into the numerical modeling process, from the input voltage to the motor through to the gear train, the kinematic linkage, and the elastic wings flapping through a viscous fluid [11] [12] [13] . Such a strategy should provide the best match between model and experiment. Furthermore, it will allow the analyst to make better choices concerning the required fidelity for modeling complex physics within the system (i.e., nonlinear structures and aerodynamics) when confronted with a poor match to experimental data. 
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